Abstract. Patient-specific therapies require that cells be manufactured in multiple batches of small volumes, making it a challenge for conventional modes of quality control. The added complexity of inherent variability (even within batches) necessitates constant monitoring to ensure comparable end products. Hence, it is critical that new non-destructive modalities of cell monitoring be developed. Here, we study, for the first time, the use of optical spectroscopy in the determination of cell confluency. We exploit the autofluorescence properties of molecules found natively within cells. By applying spectral decomposition on the acquired autofluorescence spectra, we are able to further discern the relative contributions of the different molecules, namely flavin adenine dinucleotide (FAD) and reduced nicotinamide adenine dinucleotide (NADH). This is then quantifiable as redox ratios that represent the extent of oxidation to reduction based upon the optically measured quantities of FAD and NADH. Results show that RR is significantly higher for lower confluencies (≤50%), which we attribute to the different metabolic requirements as cells switch from individual survival to concerted proliferation. We validate this relationship through bio-chemical assays and autofluorescence imaging, and further confirmed through a live-dead study that our measurement process had negligible effects on cell viability.
Introduction
The cell therapy industry has garnered significant momentum in recent years, pivoting on the promise that cell-based therapies hold in treating conditions where conventional approaches have failed. As therapies make the leap from lab to bedside, a major challenge highlighted in the manufacturing of such therapies lies with establishing quality and developing control processes.
1, 2 With patient-specific therapies, there is added complexity as a result of the inherent variability of cells (donor-to-donor variation). Destructive testing of such therapies is time-consuming, costly and essentially reduces the available dosage for the patient. Ideally, monitoring methods to ensure quality of such products should be achievable in situ, non-destructively and in real-time. Optical spectroscopy offers a solution to said requirements, 3, 4 with effects like Raman scattering 5 and orescence. 7 These cell-endogenous fluorophores are the very same bio-molecules responsible for the host of cellular processes that govern cell functions and metabolic activities. Different fluorophores can be differentiated by their spectral distribution of emissions, with the amount of emission further corresponding to their respective quantities. Since the pioneering work by Chance et al., 8 where a relationship was established between cell autofluorescence and cellular metabolic processes, cell-endogenous fluorophores have been successfully used as biomarkers in the nondestructive and real-time determination of cell characteristics. Numerous adoptions have thus been made in biomedical research and diagnosis, 9 with notable applications in the identification of stem cell differentiation 10, 11 as well as the detection of diseases such as cancer 12, 13 and Alzheimer's.
14 These applications have been enabled by optical techniques such as multi-photon microscopy cum spectroscopy 11, 15 and fluorescence lifetime imaging microscopy. 16, 17 Aside from these capital-and skill-intensive techniques, which offer in depth details more pertinent to the fundamental understanding of the biosciences, more broadly adoptable and economical methods like multispectral microscopy 18 and autofluorescence spectroscopy 6, 19 have also been reported as practical alternatives.
One measurand of interest is the metabolic state of cells, 6, 15, 20, 21 which offers a direct indication of the cells' activity and could hence serve as a means of monitoring cells during the manufacturing process. This is quantified using a redox ratio (RR) that indicates the extent of oxidation against reduction based upon the optically measured amounts of metabolic co-enzymes -flavin adenine dinucleotide (FAD) and reduced nicotinamide adenine dinucleotide (NADH), correspondingly. In the context of cell manufacturing, knowing when to passage (or sub-culture) cells is crucial to optimizing output and establishing quality control. This decision is conventionally dependent upon a human operator's judgement of cell confluency, which refers to the area coverage of cells in a culture vessel, but has more recently progressed towards automation through studies involving vision-based systems. 22 Such systems are however limited by a millimeter field of view, and although automation and scanning mechanisms are capable of extending it, the complexity and higher costs poses challenges to scalability in cell manufacturing. Spectroscopy, on the other hand, can be performed using evanescent excitations that can readily be scaled up using optical waveguides, 23 where the excitation area can be arbitrarily wide and limited only by the optical waveguide design. In this work, we studied the use of autofluorescence spectroscopy as an alternative method for the determination of cell confluency. We acquired autofluorescence spectra from cells at different confluencies and spectrally decomposed them to determine RR. A relationship was then established between cell confluency and RR. Cells were centrifuged at 130×g at 4
• C for 5mins, and the resulting supernatant was discarded.
Cells were then re-suspended in 10ml fresh culture media by aspirating with a 10ml serological pipette (CELLSTAR R , Gernier, Germany). The cell suspension was then transferred to a 75cm Steri-Cycle i160, Thermo Fisher Scientific, USA) set at 37
• C, 95% humidity and 5% CO 2 ; and left to incubate for 3 to 4 days before being harvested for seeding. before being inserted into the automated cell counter. Cell suspension were then diluted to the required concentrations prior to seeding for microspectroscopy and the bio-chemical assays.
All cell culture work and related procedures were performed within a Biosafety Cabinet (1300 Series A2, Thermo Fisher Scientific, USA).
Autofluorescence microspectroscopy
Microspectroscopy was performed using an inverted fluorescence microscope (IX73, Olympus, Japan) after a simple upgrade. Schematics are shown in Fig. 1 . Excitation was supplied by a LED illumination source (wLS, QImaging, Canada) with a center wavelength of 365nm. In order to excite and collect cell autofluorescence, a customized fluorescence filter cube was assembled with optics obtained from Thorlabs (USA). This comprised an excitation bandpass filter with a center wavelength of 355nm and FWHM of 10nm (FLH355-10); an emission longpass filter with a cut-on wavelength of 400nm (FELH0400); and a dichroic mirror that reflects wavelengths below 407nm and transmits wavelengths above 425nm (MD416). Spectral measurements were obtained with a USB-linked spectrometer (Maya2000, Ocean Optics, USA) that was attached to one of the microscope's camera port via a collimator (CVH100-COL, Thorlabs, USA) and a 600µm core optical fiber patch cable (QP600-2-VIS-NIR, Ocean Optics, USA).
For autofluorescence microspectroscopy, cells were seeded on 0.175mm-thick glass coverslips (D263M, Schott, Germany) within silicone wells with growth areas of ∼2cm 2 and heights of Autofluorescence spectra were obtained by first locating the region of interest on the coverslip through the microscope's camera before deflecting the collected light to the spectrometer. Each spectral measurement was recorded over the integration time of 10s. This was done through a 60× oil-immersion super apochromat objective (UPLSAPO60XO, Olympus, Japan) together with a low autofluorescence immersion oil (IMMOIL-F30CC, Olympus, Japan). To minimize the exposure of cells to the excitation source, we first selected the region of interest under low bright field illumination before switching to the LED illumination for image capture and spectral measurements. For each sample, at least ten measurements (N≥10) were made at different locations on the cell-covered regions of the coverslip. This was followed by background measurements of a 100µl drop of PBS with Ca 2+ and Mg 2+ at a clean region of the coverslip. Background measurements were repeated five times per coverslip. We repeated the measurements over six sets of samples to obtain at least three sets of data per reported confluency.
Spectral decomposition and optical redox ratio calculation
Collected autofluorescence spectra were processed using a MATLAB-based software developed in our laboratory. The software is designed to perform signal processing, background correction and spectral decomposition that breaks down a spectrum into its constituent emission spectra. The latter was based on a non-linear curve-fitting procedure by Croce et al. 6, 19 In this work, we limited the spectral decomposition to just two cell-endogenous fluorophores of interest -reduced nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD). Spectral fitting parameters for NADH and FAD were obtained by fitting emission spectra of corresponding reference solutions acquired through the same fluorescence microscope configuration. A plot illustrating the result of said spectral decomposition is shown in Fig. 1(inset) .
From each autofluorescence spectrum, a redox ratio (RR) was computed as [FAD]/([FAD] +
[NADH]). The concentration of each cell-endogenous fluorophore (Fl) is related to its total fluorescence emission by:
where I F l dλ is the sum of intensities over the entire wavelength span of the fluorophore's emission; I 0 is the input excitation intensity; F l is the fluorophore's extinction coefficient at the exci-tation wavelength; φ F l is the fluorophore's quantum yield; and L is the path length of interaction between the input excitation and fluorophore. Substituting this into the RR and simplifying gives an optical variation of the RR:
where N ADH and F AD were experimentally determined to be ∼5000M
respectively, at an excitation wavelength of 355nm; φ N ADH and φ F AD were 0.019 24 and 0.033. For each flask, multiple measurements (N≥4) were performed on the same cell sample at different dilutions. Each cell sample was measured concurrently with a set of standards so as to ascertain the total intracellular concentrations for both NADH and FAD. The intracellular concentrations per cell were subsequently determined for each measurement by accounting for the different extents of dilutions.
Results and Discussion
We calculated redox ratios (RR) for each of the acquired autofluorescence spectra and organized them in Fig. 2a . The sum of intensities for FAD ( I F AD dλ) and NADH ( I N ADH dλ) emissions, used in the calculations of RR in Eq. 2, were likewise collated in Fig. 2b and c respectively. This was similarly done for the sum of intensities for the total autofluorescence ( I T otal dλ) emission in Fig. 2d . Data were grouped according to the respective confluencies of the cell samples they were collected from. Confluencies were determined through a side-by-side comparison of phase contrast images captured at 4x magnification as shown in Fig. 2e . This was done at an accuracy of 10% between 40% and 80%. It was however difficult to discern between the very low confluencies of ≤30% and the near-maximum confluencies of ≥90%. Hence, data within these spans were further clustered.
Each autofluorescence spectrum was signal processed and decomposed into the emission spectra of two cell-endogenous fluorophores -NADH and FAD. Spectral decomposition was based upon the method detailed by Croce et al. 6, 19 In brief, we fitted the collected spectrum with two asymmetric Gaussian curves with peaks at approximately 470nm and 540nm, corresponding to the emissions of NADH and FAD measured in the same optical configuration. A typical decomposition is shown in Fig. 1(inset) . We note that in the work by Croce et al. multiple emission spectra (≥4) were used to achieve fits with R-squared (R 2 ) values of ∼0.99. In this work we simplified the fitting to just the two key cell-endogenous fluorophores, and made the assumption of negligible spectral differences between free and bound NADH. In doing so, we noted average R 2 values of >0.75. Although less perfect fits were obtained, we find it sufficient in computing simple ratiometric relationships such as the redox ratio. This is especially true if we have prior knowledge on the primary emissions contributing to the spectrum.
Data are presented with boxplots in Fig. 2 to highlight their spread, which also reflect the inherent variabilities of cell samples (the same data are also presented in a mean and standard deviation plot in Fig. 3 ). In Fig. 2a , we note that RR extends up to 0.5 for confluencies of 50% and below, while hardly reaching 0.3 for higher confluencies. Statistical analysis comparing data from confluencies of ≤50% against data from confluencies >50% show a statistical significance -P<0.001 using a two-tailed Student's t-test. Further statistical analysis also shows that data acquired at 50% confluency is statistically significant when compared with the data at 60% confluency -P<0.001.
We note that without spectral decomposition, the total autofluorescence emission (Fig. 2d) does not possess the same significant changes from 50% to 60% confluency. This transition in RR is therefore unique and can serve as a marker during cell manufacturing that can aid the operator in two ways: (i) allow objective prediction of a critical time for subculture, that is typically prescribed at 70% to 80% confluency; (ii) determine quality of cells based on growth rate (from the time required to reach 60% confluency), as an early indicator for a go-no-go evaluation.
Results show that RR is generally higher for lower confluencies (≤50%). We attribute this observation to the different type of metabolic requirements necessary within cells as they switch from individual survival to concerted proliferation. 26 In the former, oxidative metabolism dominates as glucose is consumed for the generation of biomass and production of energy -in the form of adenosine 5'-triphosphate (ATP). We expect this to happen for freshly seeded cells, as they adapt to the new environment and begin forming connections with the substrate and each other. Oxidative metabolism consumes NADH and generates FAD causing RR to increase and has been reported to be a hallmark of differentiated cells. 9, 27, 28 Subsequently, as the cells enter a proliferative state they switch to anaerobic metabolism, where glucose is broken down for the creation of other precursors required in cell replication, 26 instead of solely for the generation of energy. In contrast to oxidative metabolism, anaerobic metabolism increases the amount of NADH and decreases FAD, resulting in a lower RR. Lower RR has also been linked to cell proliferation 10 and higher anabolic activities. 27 Corresponding changes in mitochondrial organisation were also noted from the autofluorescence images captured. Figure 2f depicts the typical morphologies of cells and their mitochondria at different confluencies. We observed the transition of mitochrondrial organisation from being fragmented and distributed (for ≤30% and 40%) to fragmented but concentrated around the nucleus (at 50%) to interconnected and distributed (for ≥60%). Fragmented mitochondria exist in cells entering division 29 and in cells that are less metabolically active. 30 These correspond to the higher RRs observed at ≤50% confluencies, which concurs with the reported inverse relationship between RR and metabolic activity. 10 Conversely, mitochondria become interconnected in a fused and branched organisation when cells are metabolically active. 30 This has also been related to health and bioenergetic efficiency 31 as well as used as an indicator of differentiation.
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We further determined RR from bio-chemical assays, where the concentrations of NADH and FAD per cell were quantified bio-chemically at different confluencies as summarized in Table 1 . These data are also plot together with RR determined from autofluorescence spectroscopy in Fig.   3a . It should be noted that confluencies were less specifically determined here because of variations across the large 175cm 2 area on which the cells were cultured -in contrast to the ∼2cm 2 area in our silicone wells for microspectroscopy. We note from these results that RR is high for the confluency range of 40-50% and decreases at higher confluencies. This concurs well with the changes in RR observed via microscpectroscopy, where RR is significantly higher for confluencies of ≤50%. We also note that RR is generally lower here as compared to those obtained via mi- durations. In particular, there was significant difference between the sample at 40% confluency (1 day in culture) and samples at 60% and 80% confluencies (2 and 3 days in culture respectively).
We attribute this to cells being less susceptible to death at higher confluencies when they are acclimatized, healthier and more metabolically active -discussed earlier to be a trait at higher confluencies and lower RR.
Conclusion
In this work, we used autofluorescence spectroscopy to determine the redox ratios (RR) in cells at different confluencies. Autofluorescence spectra were acquired from cells through an inverted fluoresence microscope with simple upgrades. Through spectral decomposition of these spectra we were able to determine relative compositions of NADH and FAD in cells and consequently the relative extents of reduction and oxidation respectively -as represented by RR. Results showed significantly higher RR for confluencies of ≤50%, which concurred well with RR determined through bio-chemical assays. We attributed this to cells at lower confluencies mainly undergoing oxidative metabolism for the generation of biomass and energy required in individual growth;
while cells at higher confluencies primarily experience anaerobic metabolism for the conversion of glucose into other precursors required in proliferation. Through autofluorescence imaging, we further observed changes in mitochrondrial organisation that corresponded to the inverse relationship between metabolic activity and RR, where at high confluencies (lower RR) we noted highly interconnected mitochrondria that indicated high metabolic activity. Live-dead studies following our spectral acquisitions revealed that the exposure to illumination during our measurements had no significant effects on cell viability. In conclusion, we demonstrated a non-destructive method of determining cell confluency. The optical spectroscopy basis of the method allows it to be readily extended to meet the in situ and real-time requirements of monitoring in cell therapy manufacturing.
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